PEO solutions in water and heavy water have been investigated using SANS, PCS and Raman spectroscopy. The employement of these techniques allows to carry out a comparison between the diffusive properties of PEO/H 2 O and PEO/D 2 O systems, in order to study the coil conformation dependence on temperature and concentration. The data reveal the different conformational properties of PEO in the two solvents which have been attributed to a different solvent quality of H 2 O and D 2 O. These results provide evidence to the fact that the properties of macromolecules, even of simple structure, can be influenced by the isotopic composition of the solvent.
Introduction
In recent years much attention has been paid on Poly(Ethylene Oxide) (PEO) (Bailey & Koleske, 1976; Molyneaux, 1975) . This synthetic polymer is of relevant importance in polymer physics, both for the simplicity of its fundamental repeating unit -(CH 2 -CH 2 -O)-, which makes it a good model system, and for applications (e.g. its drag reducing properties). It is soluble both in common organic solvents and in water; this characteristic behavior seems to be ought to a crucial balance of the hydrophobic forces exerted by the ethylene units, -CH 2 -CH 2 -, with the hydrophilic interaction of the oxygens contained in the oxirane units and in the terminal groups. The resultant of these two competitive forces makes PEO soluble in water in all proportion at temperature lower than the boiling point of water; above this point it presents a miscibility gap that, by diminishing the polimerization degree, m, shifts towards higher temperatures and vanishes for m<48.
In the crystalline state PEO assumes a helical conformation that contains seven structural units CH 2 -CH 2 -O with two helical turns per fiber identity period (19.3 Å), i.e. 7 2 helix structure (Rabolt, 1974; Miyazawa, 1961) . Previous works have reported experimental evidences which support the hypothesis that PEO retains some of its helicity even in dilute aqueous solutions (Matsura & Fukuhara, 1985; Branca, Magazù, Maisano, Migliardo & Villari, 1999) , assuming in presence of water a more ordered conformation with respect to the one in the melt state.
The aim of the present work is to study the conformational properties of PEO chain in the two solvents H 2 O and D 2 O. We will show that in PEO aqueous solutions, the H 2 O/D 2 O substitution affects the conformational behavior of the polymer and its temperature dependence.
Experimental set-up and data analysis
The solutions were freshly prepared from standard PEO samples using ultrapure H 2 O and D 2 O. Because of the low scattered intensity, great care was taken in order to obtain stable, clear and dust free samples: PEO solutions were filtered in ricirculation through 0.22 µm (nominal pore size) Millipore PTFE filter and the correlation functions collected for thirty minutes. In such a way the difference between the measured and calculated baseline was less than 0.2%. All the correlation function for which this difference was greater were discarded. This procedure assured a very good reproducibility and low experimental errors.
Small Angle Neutron Scattering (SANS) measurements
SANS data on D 2 O solutions of PEO 3400 were collected on the 30 meters instrument of the W.C. Koehler Scattering Center of Oak Ridge National Laboratory (USA). Samples were held in quartz spectrophotometric cells (pathlength 2 mm). A sample-detector distance of 1.52 m, combined with the 4 cm beam stop, and neutrons of mean wavelength of 4.75 Å (∆λ/λ a5%) gave a range of momentum transfer 0.03-0.38 Å -1 . In all cases the two dimensional scattering contours, corrected for detector efficiency, instrumental background etc., were isotropic and therefore were reduced to 1-D radial averages which were converted to scattering cross sections per unit volume (cm -1 ) using water as secondary calibration standard. Temperature was controlled within 0.2 K by means of an external bath.
The coherent differential scattering cross section of a solution of monodisperse and centrosymmetric particles can be separated in three terms (Teixeira, 1992) :
where n is the number density, P(k) and S(k) are the form and structure factor respectively. Under the assumption that the distribution of the monomer in the coil is Gaussian, the form factor of an ideal polymer chain results:
where the integral is on the volume of the particle V, ρ and ρ 0 are the coherent scattering length densities of the particle and solvent respectively, K=ρ-ρ 0 is the contrast, f(x) is the Debye form factor (Debye, 1946) for a random coil, and R g is the gyration radius.
In the limit of low k values and dilute solution, it results P(k)=K 2 V 2 (1+R g 2 k 2 /3) and S(k) can be approximated by its value at k=0, S(0). S(0) is the inverse of the osmotic pressure and can be expressed using a virial expansion. It results:
where A 2 is the second virial coefficient of the osmotic pressure.
The experimental data have been fitted using the Debye formfactor (eq. 2). However, increasing concentration, the interactions between the polymer chains must be taken into account. To
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determine the value of A 2 equation 3 has been used, following the Zimm plot method.
Photon Correlation Spectroscopy (PCS) measurements
PCS measurements were performed using a photon counting optical system in the homodyne geometry and a BROOKHAVEN BI-2030 correlator to collect the scattered intensity autocorrelation function <I(0)I(t)>. As exciting source, the 4880 Å vertically polarized line of a unimode Ar + laser INNOVA mod. 70, working in the power range of 50÷700 mW, was used. The scattered light, by means of an optical fiber, was detected in a 90° scattering geometry. Under the hypothesis of samples consisting of a large number of independent scatterers, the Siegert relation (Pusey, 1974) can be applied:
where b is an optical parameter and g (1) (t)=<E S (0)E S (t)>/< I> is the normalized dynamic structure factor. If the scatteres are monodisperse, isotropic and in a dilute solution, it can be demonstrated that:
k=4πn/λ sin(θ/2) being the scattered wave vector and D c being the collective diffusion coefficient.
In the theoretical calculation the concentration dependence of D c is normally expressed as (Schaefer & Han, 1985) :
where D 0 is the diffusion coefficient at infinite dilution and k D depends on the relative magnitudes of A 2 and k f , this latter being the first order concentration coefficient of the virial expansion of ζ ch :
The hydrodynamic radius can be calculated from D 0 using the Einstein-Stokes (ES) relation:
where η is the solvent viscosity and R H is the hydrodynamic radius.
Raman measurements
Polarized (I VV ) and depolarized (I VH ) Raman spectra were obtained by a SPEX Ramalog 5 triple monochromator in a 90° scattering geometry in the 233÷353 K temperature range, using the 5145 Å line of an Ar + laser. The laser power was maintained at approximately 5 W. The scattered photons were automatically normalized for the incoming beam intensity in order to ensure good data reproducibility. The samples were sealed in optical quartz cells and then mounted in an optical thermostat which stabilizes temperature within ±0.1 K. The spectral range covered was 200 ÷ 400 cm -1 with an instrumental resolution of 2 cm -1 . The strongly polarized longitudinal acoustic mode (LAM) of polymers is commonly attributed to many contributions representing the polymer skeletal bending and stretching vibrations (Nishide, Ohyanagi, Okada & Tsuchida, 1986) . In the elastic rod model, which can be used for crystalline systems, the LAM center frequencies are related to the stem length l K by the formula (Kim & Krimm, 1996) :
where E and ρ are the elastic modulus and density respectively, and where ρ E v = is the propagating velocity of the longitudinal perturbation.
In non crystalline systems the narrow LAM band is replaced by the much broader polarized band associated to the disordered longitudinal acoustic mode (D-LAM) (Snyder & Strauss, 1987) . In such a case, in equation 9, l K is the Kuhn statistical segment length. The broadening of the D-LAM band must be attributed to the conformational disorder of the non crystalline systems.
The D-LAM bands have been fitted by the log-normal functional form:
where A is the amplitude, ω D-LAM the band center frequency and γ D-LAM the width of the distribution.
Results and discussion
SANS measurements on PEO 3400/D 2 O solutions have been performed at three different temperatures. In fig. 1a ) the coherent differential scattering cross sections are reported at T=313K as an example. In the low-k region the decrease in the intensity with the increase of polymer concentration reflects the contribution of the interactions between polymer. 
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In the high-k region, where correlations between polymer segments over shorter length scales determine the scattered intensity, the magnitudes of the scattered intensities rank in the opposite order with increasing polymer concentration; in fact, in this region, the nature of the correlations within each polymer coil is relatively insensitive to polymer concentration, and each polymer coil acts as an independent scatterer (Thiyagarajan, Chaiko & Hjelm Jr., 1995) as shown in fig.1b ) in which the spectra normalized to concentration are reported. In fig.1a ) the continuous lines are the fit according to the random coil form factor (eq. 2). The fit parameters A and R g , are reported in table 1 for all concentration and temperature values.
The apparent values of R g decrease increasing concentration indicating repulsive intermolecular interactions. The nonlinear decrease observed, may be due to the combined effects of possible changes in the three dimensional structure and to the interparticle interaction of PEO coils at high concentration (Thiyagarajan, Chaiko & Hjelm Jr., 1995; Abbott, Blankschtein & Hatton, 1992) . As a consequence, it is expected that SANS spectra are sensitive to the isolated coil and can furnish a value of R g only in the most dilute solutions. At higher concentrations in the semidilute region, defined as c>c * =3M/(4πNR g 3 ) polymer coils begin to entangle and the R g values obtained are to be replaced by static correlation lengths, ξ (Abbott, Blankschtein & Hatton, 1992) .
Table 1
Resulting fit parameters (A, R g ) using the Debye form factor for the SANS measurements on PEO 3400/D 2 O solutions. A 2 is the second virial coefficent of the osmotic pressure, obtained from equation 3. To obtain a quantitative estimation of the interparticle interaction the Zimm plot has been used as shown in fig. 2 
Figure 2
Zimm plot for PEO 3400/D 2 O solutions at T=333 K.
Although a linear dependence on concentration is not suitable to the analysis for all the concentrations, indicating the presence of a kdependent structure factor, the value of A 2 has been obtained using a linear regression to the three most diluted concentration for the data extrapolated to k=0. As it can be seen from table 1, A 2 takes positive values for all the investigated temperatures, suggesting the presence of repulsive interactions between monomers.
Because the polymer coil conformation depends directly on the interactions between monomers, where such a contribution takes into account also the interactions with the solvent, if monomers repel each other, as in the present case, the coil tends to assume a swollen conformation. These circumstance is related to the so called "good quality" of the solvent. Therefore, the fact that A 2 decreases by increasing temperature suggests a lowering of the solvent power of D 2 O.
PCS measurements confirm this conclusion. In fact, the collective diffusion coefficients as a function of concentration were obtained from a cumulant analysis within an accuracy of ~4%. Its concentration behavior allowed us to determine, through eq.6, the extrapolated values at infinite dilution, D 0 . From the ES relation (eq.8), the hydrodynamic radii were obtained and reported in figure  3a) for PEO 3400 at different temperatures. The error bars refer to an incertainty estimated through a weighted linear regression of the diffusion data. From 278 K to 288-293 K, R H increases with temperature; then it saturates in the range between 293 and 313 K; finally, from 313 K to 353 K, it slightly decreases increasing temperature. This behavior must be related to the combined effect of excluded volume interactions, related to the solvent quality, and to the loss of water molecules in the nearby hydration shell because of the enhanced thermal motion. This result can be better interpreted considering also the temperature behavior of k D , which is reported in figure 3b ). The trend of k D is similar to that of R H ; it increases with temperature up to 293 K and decreases from 298 K to 353 K. Both the results can be interpreted in terms of a temperature dependent solvent quality of water, which first increases and then decreases, by increasing temperature.
Figure 3
Temperature dependence of the hydrodynamic radius (insert a) and c)) and of k D (insert b) and d)) for PEO 3400/H 2 O and for PEO 3400/D 2 O solutions. The collective diffusion coefficient was measured also for PEO/D 2 O solutions at the same concentration and temperature values in order to check if the assumption underlying this substitution (namely the fact that the structural and dynamical properties of the system do not change) is valid. What emerges from such a comparison is that, in heavy water, PEO coils have a lower diffusion coefficient. This occurrence is not simply due to differences in the solvent viscosities (as verified evaluating the diffusion coefficient properly scaled for viscosity), but it could be explained considering that the hydrodynamic radius data reveal a slightly different behavior, both in the magnitude and in the temperature dependence. At low temperatures, in D 2 O, the R H values reported in figure 3c), are slightly higher than in H 2 O and remain nearly constant as temperature is raised; in the temperature range of 298÷313 K, the polymer dimension decreases and then reaches a constant value, slightly lower than in H 2 O at the same temperatures. At higher temperatures, R H tends to be independent on temperature. The comparison between the k D values reveals a different behavior of the two solvents. In figure  3d ) the k D values are reported as a function of temperature for the PEO/D 2 O system. In agreement with the R H behavior k D decreases with temperature in all the investigated range. Starting from values slightly higher than in H 2 O it decreases till, in the range 313÷353 K, no appreciable difference, both in the behavior and in the numerical values, can be noted. From the comparison between the R H and k D data it seems that their whole behaviors in D 2 O are shifted towards lower temperatures with respect to those in H 2 O. These findings suggest that the isotopic substitution affects the solvent properties, their temperature dependence and, hence, the conformational properties of the polymer chain. The different behavior of PEO in the two solvents can be evidenced also by the study of the Raman D-LAM contributions. In fig. 4 the evolution of the fit parameters ω D-LAM and γ D-LAM is reported as a function of n w /n p (n D /n p ) ratio, n w (n D ) and n p being the number of water and polymer molecules respectively. In PEO 3400/light water, increasing the water content, ω D-LAM increases, by increasing the water content, towards values corresponding to those of the crystal phase and γ D-LAM decreases indicating the sharpening of the conformational distribution.
The picture that emerges is that the addition of water molecules makes PEO conformation more ordered until a full hydration is reached. In the PEO/D 2 O system the asymptotic ω D-LAM and γ D-LAM values are lower and higher respectively than the corresponding ones in H 2 O. These findings suggest that the structuring effect of water on PEO is stronger in H 2 O than in D 2 O. Moreover it can be seen from fig. 4 that in heavy water full hydration is reached at a lower value of n w /n p .
In fig. 5 the ω D-LAM and γ D-LAM parameters are reported for a PEO + 200 H 2 O system as a function of temperature. As shown, increasing temperature from 283 to 318 K a small frequency shift towards lower values and a significant broadening of the D-LAM mode is recorded. At higher temperatures, however, one observes an inversion in the behaviors of the ω D-LAM and γ D-LAM parameters. Such data indicate, in the 283÷318 K range a broadening of the Kuhn length distribution towards higher values. These results can be interpreted, according to the PCS data, in terms of the effect of the solvent quality of H 2 O.
Concluding remarks
The structural and conformational properties of PEO in H 2 O and D 2 O have been investigated for different temperatures. To summarize all the results it is important to highlight that the solvent quality strongly depends on temperature, being related to the formation and rupture of the polymer coil hydration shell and of the H-bond network in the bulk solvent. Since the hydrogen bond between the solvent molecules is stronger in D 2 O than in H 2 O, the energy gain for the formation of a bond between PEO and the solvent is lower in D 2 O than in H 2 O. This occurrence can explain the fact that, as experimentally detected by our PCS and Raman analysis, D 2 O is a worse solvent than H 2 O. 
